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ABSTRACT 

A be ry l l i um c o i l  assembly, r e f e r r e d  t o  as t h e  hammer c o i l ,  w a s  
developed by t h e  George C. Marshal l  Space F l i g h t  Center  i n  H u n t s v i l l e ,  
Alabama. This  c o i l  i s  being used t o  smooth and shape metal l ic  
materials w i t h  t h e  advantage of reducing work hardening and f a t i g u e .  

This  s tudy  w a s  made t o  determine t h e  maximum s t a t i c  f o r c e  a t  
p o i n t s  on d i f f e r e n t  materials being sub jec t ed  t o  an in tense  magnet ic  
f i e l d  produced by t h e  hammer c o i l .  

The f o r c e s  were found t o  b e  independent of t h e  th i ckness  of t h e  
material i f  t h e  th i ckness  is g r e a t e r  than  t h e  depth of c u r r e n t  pene- 
t r a t i o n .  The va lues  of f o r c e  were found t o  vary i n v e r s e l y  t o  t h e  
v a l u e s  of t h e  r e s i s t i v i t y  of the material. 
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A STUDY OF INTERNAL MAGNETIC FIELDS FOR HIGH ENERGY 
FORMING AND STRUCTURAL ASSEMBLY 

. 

S W R Y  

A b e r y l l i u m  c o i l  assembly, r e f e r r e d  t o  as t h e  hammer c o i l ,  was 

developed by t h e  George C. Marshal l  Space F l i g h t  Center  i n  H u n t s v i l l e ,  

Alabama. This  c o i l  is be ing  used t o  smooth and shape metall ic 

materials w i t h  t h e  advantage of reducing work hardening and f a t i g u e .  

This  s tudy  w a s  made t o  determine t h e  m a x i m u m  s ta t ic  f o r c e  a t  

p o i n t s  on d i f f e r e n t  materials be ing  s u b j e c t e d  t o  an i n t e n s e  magnet ic  

f i e l d  produced by t h e  hammer c o i l .  

The induced v o l t a g e  w a s  determined i n  assumed c o n c e n t r i c  c i r c u l a r  

segments of t h e  s h e e t  of material us ing  Faraday 's  l a w .  

could t h e n  b e  determined by d i v i d i n g  by t h e  r e s i s t a n c e  of each segment. 

Therefore ,  us ing  a form of Lorentz ' s  f o r c e  e q u a t i o n  t h e  m a x i m u m  f o r c e  on 

each segment w a s  c a l c u l a t e d .  

The c u r r e n t  

The f o r c e s  were found t o  b e  independent of t h e  t h i c k n e s s  of  t h e  

mater ia l  i f  t h e  t h i c k n e s s  is g r e a t e r  than  t h e  depth of c u r r e n t  p e n e t r a t i o n .  

T h i s  depth  w a s  d e f i n e d  as t h e  p o i n t  where t h e  c u r r e n t  h a s  a v a l u e  of 1/3e 

t i m e s  t h e  v a l u e  a t  t h e  s u r f a c e .  The l a r g e s t  s t a t i c  f o r c e  occured a t  

p o i n t s  4.6127 c e n t i m e t e r s  r a d i a l l y  

c o i l ,  The v a l u e s  of f o r c e  were found t o  vary  i n v e r s e l y  t o  t h e  v a l u e s  of 

t h e  r e s i s t i v i t y  of t h e  material. 

10.3175 c e n t i m e t e r s .  

o u t  from t h e  c e n t e r  l i n e  of  t h e  hammer 

The diameter  of t h i s  hammer c o i l  i s  



CHAPTER I 

INTRODUCTION 

The purpose of t h i s  s tudy is  t o  determine t h e  maximum f o r c e  on a 

s t a t i c  s h e e t  of metal l ic  material s u b j e c t e d  t o  a magnetic f i e l d  produced 

by a be ry l l i um c o i l  assembly. This  c o i l ,  r e f e r r e d  t o  as t h e  hammer c o i l ,  

i s  now be ing  used a t  t h e  George C. Marsha l l  Space F l i g h t  Center  i n  

H u n t s v i l l e ,  Alabama. 

The hammer c o i l  i s  used t o  smooth and shape metal material wi th  t h e  

advantage of reducing work hardening and f a t i g u e .  

smoothing process  i s  accomplished by an i n t e n s e  magnet ic  f i e l d  genera ted  

by t h e  hammer c o i l .  

i n  t h e  metal c r e a t i n g  a magnetic f i e l d  i n  o p p o s i t i o n  t o  t h e  one genera ted  

by t h e  c o i l .  These opposing magnetic f i e l d s  create a f o r c e  between t h e  

c o i l  and s h e e t  of material. 

This  shaping and 

The t ime-varying magnetic f i e l d  induces  a v o l t a g e  

This  s tudy  is  d i r e c t l y  concerned wi th  t h e  maximum f o r c e s  produced 

on f o u r  th i cknesses  of s ix  d i f f e r e n t  a l l o y s .  

s i d e r a t i o n  are 0.1524, 0 ,9525,  1.2700, and 1.9050 cen t ime te r s .  These 

a l l o y s  and some of t h e i r  c h a r a c t e r i s t i c s  are l i s t e d  i n  Table  1. The 

v a l u e s  of e lec t r ica l  and magnetic p r o p e r t i e s  w e r e  fu rn i shed  through t h e  

c o u r t e s y  of t h e  Aluminum Company of America. 

The th i cknesses  under con- 

This  i s  t h e  second s t a g e  of a series of s t u d i e s  be ing  made on t h e  

hammer c o i l  which i s  be ing  conducted on a c o n t r a c t  b a s i s  through t h e  

Department of E l e c t r i c a l  Engineering a t  M i s s i s s i p p i  S t a t e  Un ive r s i ty .  

The purpose of t h e  i n i t i a l  study w a s  t o  de te rmine  t h e  impedance 

c h a r a c t e r i s t i c s  of t h e  c o i l .  The computer program given  i n  Appendix A 

i s  a r e s u l t  of t h i s  i n i t i a l  s tudy . '  It i s  designed t o  g i v e  t h e  v e c t o r  

2 



I .  

magnetic p o t e n t i a l  and magnetic f i e l d  i n t e n s i t y  a t  v a r i o u s  p o i n t s  o u t  

from t h e  f a c e  of t h e  c o i l .  This d a t a  w i l l  be used t o  determine t h e  

f l u x  l i n k i n g  imaginary segments i n  t h e  s h e e t  of  material s u b j e c t e d  t o  

t h e  i n t e n s e  magnet ic  f i e l d  produced by t h e  c o i l .  From t h i s  f l u x  

l i n k a g e  t h e  induced emf i n  t h e  segment may be  determined and t h e  

r e s u l t i n g  c u r r e n t  i n  t h e  segment may b e  found. The f o r c e  a c t i n g  upon 

a cur ren t -car ry ing  conductor i n  a magnet ic  f i e l d  where t h e  conductor 

i s  p e r p e n d i c u l a r  t o  t h e  magnetic l i n e s  i s  g iven  by 

F = BLI,  (1) 

where B i s  t h e  magnetic f l u x  d e n s i t y ,  L i s  t h e  l e n g t h  of t h e  conductor ,  

and I i s  t h e  c u r r e n t  i n  t h e  conductor.2 

3 
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: :Relative Magnetic: . 
: 3 1  nternat i onai : 

Alloy : Temper : Pemeability :Conductivity 43 20C:Resistivity @ 2OC . 0 

0 . : Annealed-Cooper : (Microhm- . r : Standard : Centimeter) 
0 . . . . . . . . : 

2219 : T87 : 1.0000196 32 5.4 
7075 : T6 : l.OOOOl59 . 33 . 5.2 

7075 : "651 : 1.00001~9 . 33 . 5.2 

6061 : T6 : l.0000199 . 43 . 4.0 

5456 : H343 : 100000200 * : 29 . 5.9 

5456 : H321 : 1,0000200 * : 29 : 5.9 

. : 

. . : 

: : 

: : 

. . 
. . 

0 . 0 

"Estimated Value 

Table 1. The Characteristics of A l u m i m  A l l a y s .  

Resistivity : Penetration Depth 

5.9 x 10-8 t 0.2131 

P (ohm-meters) : 6 (4 . 
. 

5.4 x 10-8 . 0.2037 

5.2 x 10-8 . 0.1999 . 
4.0 X loo8 0.1755 . 

Table 2. The Resistivity and the Corresponding Penetration 
Depth f o r  Each Material Studied. 



CHAPTER I1 

I -  

METHOD OF APPROACH 

A. GENERAL DESCRIPTION OF C O I L  AND PLATE 

Shown i n  F igures  l -a  and l-b are p i c t u r e s  of t h e  h igh  energy 

c a p a c i t o r  d i s c h a r g e  power supply and t h e  hammer c o i l ,  r e s p e c t i v e l y .  An 

e q u i v a l e n t  c i r c u i t  of t h i s  power supply and c o i l  w a s  determined i n  t h e  

i n i t i a l  s tudy  as shown i n  Figure 2. Given i n  F igure  3 i s  an edge view 

r e p r e s e n t a t i o n  of t h e  hammer c o i l  r e s t i n g  on a s h e e t  of material  a t  t h e  

i n s t a n t  of t h e  i n i t i a l  charge.  This  is  t h e  p o s i t i o n  where t h e  maximum 

s t a t i c  f o r c e  must be  c a l c u l a t e d  a t  p o i n t s  r a d i a l l y  o u t  from t h e  c e n t e r  

l i n e  of t h e  c o i l .  A s  shown i n  t h i s  f i g u r e  t h e  p l a t e  i s  assumed t o  con- 

sist of 14 c o n c e n t r i c  c i r c u l a r  segments w i t h  a wid th  of 0.5456 c e n t i m e t e r s .  

This  number w a s  chosen s i n c e ,  as w i l l  b e  s e e n  la ter ,  t h e  f o r c e  i s  n e g l i -  

g i b l e  beyond t h i s  p o i n t .  

B. FORCE ON CURRENT-CARRYING CONDUCTOR I N  MAGNETIC FIELD 

The fo l lowing  equat ion ,  
- - -  
F = qv x B y  ( 2 )  

- 
i s  known as Lorentz ' s  f o r c e  equat ion .3  

q w i t h  a v e l o c i t y  7 i n  a magnetic f i e l d  of f l u x  d e n s i t y  z. 
may b e  expressed  as 

F i s  t h e  f o r c e  on a moving charge 

This  e q u a t i o n  

F = B L I  s i n  8 (3 )  

f o r  a conductor of l e n g t h  L car ry ing  a c u r r e n t  I i n  a magnet ic  f i e l d  B.  

The a n g l e  8 i s  t h e  a n g l e  t h a t  t h e  conductor  makes w i t h  t h e  d i r e c t i o n  of 

t h e  magnetic f i e l d  and i n  t h i s  s tudy  w i l l  b e  90 degrees .  So, 

Equat ion (3) becomes 

F = B L I  ( 4 )  

5 
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I -  
where F is  i n  newtons, B i s  i n  webers p e r  square  meter, L i s  i n  

meters, and I is  i n  amperes. 

C. PROCEDURE TO DETERMINE FORCES 

A s  expla ined ,  i t  i s  assumed t h a t  t h e  s h e e t  of material  i s  

made up of c o n c e n t r i c  c i r c u l a r  segments w i t h  t h e i r  c e n t e r  l y i n g  on t h e  

c e n t e r  l i n e  of  t h e  hammer c o i l .  Using Equat ion ( 4 )  t h e  f o r c e  on each 

assumed segment may 

b e  determined. The 

where rn  i s  average 

be  c a l c u l a t e d  i f  t h e  c u r r e n t  i n  each segment can 

l e n g t h  of each segment i s  known by us ing  

Ln = 2.rrrn, (5) 

r a d i u s  of  segment n. Also,  B ,  t h e  magnet ic  f l u x  

d e n s i t y ,  i s  known s i n c e  t h e  magnetic f i e l d  i n t e n s i t y  w a s  determined i n  

t h e  i n i t i a l  s t u d y  of t h e  hammer c o i l .  

The c u r r e n t  i n  each segment may b e  found by d i v i d i n g  t h e  r e s i s t a n c e  

of  t h e  segment i n t o  t h e  v o l t a g e  induced i n  t h e  segment by t h e  magnetic 

f i e l d .  The r e s i s t a n c e  may b e  found us ing  

where p i s  t h e  r e s i s t i v i t y  of  t h e  material ,  L, i s  t h e  l e n g t h  of t h e  

segment, and A i s  t h e  c r o s s - s e c t i o n a l  area of t h e  segment.4 The induced 

v o l t a g e  may be  determined by applying Faraday 's  l a w  which s a y s  t h a t  an. 

emf is induced i n  an e lec t r ic  c i r c u i t  whenever t h e  magnet ic  f l u x  l i n k i n g  

t h e  c i r c u i t  changes. For each segment t h i s  l a w  may be expressed 

A 'n e,(t) = - ' 
AT ( 7 )  

where A+n i s  t h e  magnetic f l u x  l i n k i n g  t h e  segment i n  AT t i m e .  

photograph of t h e  c u r r e n t  wave of t h e  hammer c o i l  f u r n i s h e d  by t h e  

From a 

Marsha l l  Space F l i g h t  Center  a t  H u n t s v i l l e ,  Alabama, t h e  approximate 

10 



n a t u r a l  frequency is  3,300 Hz.  

The maximum magnetic f l u x  occured a t  1/4 t h e  p e r i o d ,  T ,  t h e r e f o r e ,  

This  t r a c e  i s  dup l i ca t ed  i n  F igu re  4 .  

seconds.  1 
( 4 )  (3300) 

T =  

From F igure  3 i t  may b e  seen t h a t  t h e  only component of t h e  

magnet ic  f i e l d  i n t e n s i t y ,  HR, inducing v o l t a g e  i n  t h e  segments i s  H, 

which i s  normal t o  t h e  s u r f a c e  of t h e  s h e e t .  The f l u x ,  t h e r e f o r e  

may be determined by c a l c u l a t i n g  t h e  average  va lue  of H, ou t  t o  t h e  

segment and mul t ip ly ing  t h i s  average va lue  by t h e  s u r f a c e  area and t h e  

pe rmeab i l i t y  of t h e  medium. 

The c u r r e n t  i n  each segment may now be  determined,  and us ing  

Equat ion ( 4 )  t h e  maximum s t a t i c  f o r c e  on each segment o r  a t  p o i n t s  

r a d i a l l y  out  from t h e  c e n t e r  l i n e  of t h e  c o i l  may be  determined. 

11 



12 

I 

Time in nseconds. 

Figure 4. A Sketch of the Hamsaer Coil's Current Wave Indicating 
an Approximate Matural. Frequency of 3,300 Hz." 

* Furnished by Marshall Space Flight Center in Huntsville, Alabama, 



CHAPTER I11 

APPLICATION OF METHOD 

A. DETERMINATION OF RESISTANCE 

The r e s i s t a n c e  of each c o n c e n t r i c  c i r c u l a r  segment must b e  

determined i n  o r d e r  t o  f i n d  t h e  c u r r e n t  genera ted  i n  each segment 

This  r e s i s t a n c e  may b e  ob ta ined  from t h e  fo l lowing  formula,  

where R i s  t h e  r e s i s t a n c e  i n  ohms, p i s  t h e  r e s i s t i v i t y  of t h e  

material i n  ohm-meters, L i s  t h e  average l e n g t h  of  t h e  c i r c u l a r  segment 

i n  meters, and A i s  t h e  c r o s s - s e c t i o n a l  area of t h e  conducting material 

i n  s q u a r e  meters.6 From S k i l l i n g  i t  i s  found t h a t  t h e  depth  o f  c u r r e n t  

p e n e t r a t i o n ,  6 ,  i s  g iven  by 

where 6 i s  t h e  c u r r e n t  p e n e t r a t i o n  depth i n  meters, p i s  t h e  r e s i s t i v i t y  

i n  ohm-meters, f i s  t h e  frequency, and p i s  t h e  p e r m e a b i l i t y  of t h e  

medium i n  henrys p e r  meter.? 6 i s  t h e  depth of p e n e t r a t i o n  a t  which 

t h e  induced v o l t a g e  i s  l / e  times t h e  v a l u e  of t h e  induced v o l t a g e  a t  

t h e  s u r f a c e .  

Therefore ,  A of Equation (9)  is  g iven  by 

A s 6 . h  , (11) 

where h i s  t h e  width of  t h e  c i r c u l a r  segment i n  meters. 

From Figure 4 i t  was determined t h a t  t h e  approximate n a t u r a l  

f requency i s  3,300 Hz. So, from Equat ion (10) a corresponding va lue  of 

6 may be  c a l c u l a t e d  f o r  each va lue  of p .  

s p a c e  ( 4 7 ~  x henry p e r  meter) t h e s e  r e s u l t s  are shown i n  Table  2.  

Using t h e  p e r m e a b i l i t y  of f r e e  

13 



A t  t h i s  p o i n t  i t  must b e  noted t h a t  i f  t h e  p e n e t r a t i o n  depth is g r e a t e r  

than  t h e  a c t u a l  th ickness  of t h e  material  t h e  a c t u a l  t h i c k n e s s  should 

b e  used t o  c a l c u l a t e  A. 

g r e a t e r  t h a n  t h e  6 v a l u e s  given i n  Table  2 except  t h e  material  w i t h  

t h e  t h i c k n e s s  of 0.1524 cent imeters .  Also,  i t  should b e  n o t i c e d  t h a t  

6 i s  independent of t h e  th ickness  of t h e  material ,  b u t  i t  i s  i n v e r s e l y  

p r o p o r t i o n a l  t o  t h e  square  roo t  of t h e  frequency.  

The method of c a l c u l a t i n g  t h e  maximum s t a t i c  f o r c e  on t h e  

I n  t h i s  s tudy  a l l  of  t h e  t h i c k n e s s e s  are 

v a r i o u s  assumed segments i s  i l l u s t r a t e d  by an example c a l c u l a t i o n  which 

w i l l  b e  made i n  each s e c t i o n  throughout t h e  rest of t h i s  c h a p t e r .  This  

example w i l l  u l t i m a t e l y  determine t h e  f o r c e  produced on segment 3 

shown i n  F i g u r e  3 .  

5.9 x ohm-meters. 

The r e s i s t i v i t y  of t h e  material w i l l  e q u a l  

From Equat ions (9)  and (11) t h e  resistance of t h e  n t h  segment 

may be  determined from t h e  fo l lowing ,  

where rn i s  t h e  average r a d i u s  of  t h e  n t h  c i r c u l a r  segment. Using 

Equat ion (12) t h e  r e s i s t a n c e  of t h e  t h i r d  segment i s  c a l c u l a t e d  as 

follows , 
p 2m1 

6 ' h  

(5.9 x 10-8>(2n)( l .3391 x 
(0.2131 x 10-2)(0.5456 x 

42.75 x ohms. 

B o  DETERMINATION OF INDUCED VOLTAGE 

The v o l t a g e  induced i n  each segment may b e  c a l c u l a t e d  us ing  



k 

Faraday 's  l a w  o r  Equat ion ( 7 )  expressed  as8 

A h  
e n ( t )  = - AT 

To use t h i s  expres s ion  t h e  change i n  f l u x  dur ing  AT t i m e  must be 

determined. 

Using t h e  computer program i n  Appendix A t h e  magnet ic  f i e l d  

i n t e n s i t y  and t h e  r e s u l t a n t  angle  are determined as a f u n c t i o n  of y 

r a d i a l l y  o u t  from t h e  c e n t e r  l i n e  of t h e  hammer c o i l  and as a f u n c t i o n  

of z normal t o  t h e  s u r f a c e  of t h e  c o i l . 9  

shown i n  F igure  3. 

These d i r e c t i o n a l  axes  are 

The magnetic f i e l d  i n t e n s i t y  w a s  c a l c u l a t e d  by t h e  

program on a p e r  c o i l  ampere basis.  Given i n  Appendix B are 1 4  graphs 

wi th  HR and 0~ p l o t t e d  as a func t ion  of z hold ing  y cons t an t .  

cons t an t  y va lues  were chosen a t  t h e  p o i n t s  of i n t e r s e c t i o n  of t h e  

These 

assumed c i r c u l a r  segments shown i n  F igu re  3 .  

f i e l d  i n t e n s i t y  may be determined a t  any reasonable  p o i n t  ou t  from t h e  

Using graphs t h e  magnetic 

s u r f a c e  of t h e  c o i l  o r  f o r  d i f f e r e n t  va lues  of p e n e t r a t i o n  depth .  It 

should  be  noted t h a t  t h e s e  p l o t s  can only  be used when t h e  p l a t e  i s  

assumed t o  c o n s i s t  of concen t r i c  c i r c u l a r  segments having an i n n e r  and 

o u t e r  r a d i u s  of t h e  cons t an t  y va lues  p l o t t e d .  

The v a l u e  of z used t o  read  HR and OR from t h e  p l o t s  f o r  a 

cer ta in  6 va lue  i s  determined by 

Z = M + P  , (14) 

where M i s  t h e  0.0508 cent imeters  s e p a r a t i o n  between t h e  p l a t e  and 

c o i l  due t o  t h e  p o t t i n g  of t h e  c o i l  and P i s  t h e  d i s t a n c e  from t h e  

s u r f a c e  of t h e  p l a t e  t o  t h e  cen te r  of t h e  c u r r e n t  concen t r a t ion .  Shown 

in Figure  5 i s  a r e p r e s e n t a t i o n  o f  t h i s  Z v a l u e  r e l a t e d  on one segment 

of t h e  p l a t e .  Since P i s  t h e  po in t  i n  t h e  material where t h e  c u r r e n t  

15 
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Figure 5 .  The Representation of One Coil-Turn and One 
Plate Segment for Determining 2. 



i s  equa l  t o  i t s  average va lue ,  i n t e g r a t i o n  may be  used t o  determine P .  

The s k i n  e f f e c t  c u r r e n t  equat ion  is  g iven  as fo l lows ,  

I = I M e  -216  
3 

where z is  t h e  independent v a r i a b l e ,  6 i s  t h e  p e n e t r a t i o n  depth,  and 

I i s  t h e  maximum va lue  of the c u r r e n t  a t  t h e  s u r f a c e  of t h e  p l a t e . 1 °  M 

So, t h e  average c u r r e n t  i s  determined as some p r o p o r t i o n  of t h e  maximum 

c u r r e n t  as fo l lows ,  

Y 

- 'M -3 - - - ( e  - 1 )  
3 

Iav = 0.317 IM. 

Therefore ,  t h e  va lue  of P is determined from t h e  fo l lowing ,  

0.317 IM = IM e-'/& 

ln(0.317) = - - 
6 

P = 1 . 1 5  6 . (17) 

For a material wi th  a t h i c k n e s s  less than  t h e  p e n e t r a t i o n  depth ,  

t h e  average c u r r e n t  is  found by i n t e g r a t i n g  over  t h e  t h i c k n e s s .  I n  t h i s  

s tudy  t h e  only material wi th  a t h i c k n e s s  less than  t h e  p e n e t r a t i o n  depth  

i s  t h e  0.1524 cent imeter  s h e e t .  The formula €o r  t h e  average c u r r e n t  i s  

determined as fo l lows  , 
0 .  

1 - - 0.1524 

0 

IM (1 
IaV = 0.1524 

1 7  



For a resistivity of 5.9 x ohm-meters and a corresponding 6 of 

I '  
l -  

' -  

0.2131 centimeters the average current may be calculated using 

Equation (18) as follows, 

- 0.1524 
0.2131 = 0.2131 ~ ~ ( l  - e 

'av 0.1524 

Therefore, using Equation (15) the value of P is determined as 

-P/O 2131 0.713 IM = IM e 

ln(0.713) = - o.2131 P 

P = 0.07214 centimeters. 

Similarly, the remaining values of 6 are used to calculate the values 

of P for materials with a thickness of 0.1524 Centimeters. 

The values of Z are given in Table 3 f o r  the corresponding 

values of 6 and material thickness. 

and 1,9050 centimeters the values of Z are equal since the penetration 

depth is independent of the material thickness, 

the case for the material with a thickness of 0.1524 centimeters since 

6 is greater than the material's thickness. 

For thicknesses of 0.9525, 1.2700, 

However, this is not 

Since the flux normal to the surface of the material is used 

to compute the induced voltage, the only component of interest is HZ. 

If the average value of H, is found within the circular segment and 

multiplied by the surface area and the permeability of the medium, the 

magnetic flux linking the segment is determined. To illustrate this 

procedure an example will be usedo 

ohm-meters the value of Z given in Table 3 is 0.2959 centimeters. 

For the resistivity of 5.9 x lom8 

18 
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Resistivity : Penetration Depth : 
p (oh-meters) : 6 (cm) : z = 1.15 6 + o.0508 (cm) . . 
5.9 x 10-8 I 0.2131 . 0.2959 

: : 
5.4 x loo8 : 0 . 2037 : 0.2852 

5.2 x 10-8 I . 0,1999 : 0.2809 
. : 

: 1 4.0 x : 0.1755 
. . 

I . . 0.2530 

Resistivity : Peqetration Depth : 
p (ohm-aeters) : 6 (4 : Z = P + 0.0508 (em) . 
5.9 x 10-3 : 0.1524 . 0.2008 

5.2 x I 0.1524 . 0.2006 

: . 
5.4 x : 0.1524 : 0.2007 . . 

2 1 4.0 x : 0.1524 
I 

. . 
? 

0.2004 

\ 0 )  

Table 3. The Distance Z from the Surface of the Coil to a Point 
of Average Current in the Segments of m Plate for the 
Thicknesses of (a) 0.9525, 1.2700, and 1.9050 
Centimeters and (b) 0.1524 Cent imetcrs. 

Y : HR (de3ees) . 
( 4 : ( qeres/neter-coi 1 ampere) : 

: . 
* 0.0000 : 

0.5207 : 

1.0663 : 

. 

: I 1.6119 : 

0 0 0  

113 . 25 
122.75 

127.90 

. 90 . 00 

. 78 . 80 

. 63.57 

: . . 
: . 42.23 

L . 
* Assumed Values at y = 0 

Table 4. The Magnetic Field Intensity and the Resultant 
Angles Obtained from the Curves in Appendix B with 
2 Equal 0.2959 Centimeters. 



Using t h i s  v a l u e  of Z, t h e  da t a  shown i n  Table  4 was obta ined  from t h e  

! -  

curves  i n  Appendix B. The H, componenc may be  c a l c u l a t e d  from t h i s  d a t a  

u s i n g  t h e  fol lowing r e l a t i o n s h i p ,  

H, = H R s i n  OR . (20) 

The average  v a l u e  of  HZ o u t  t o  t h e  t h i r d  segment may be  determined by 

us ing  Simpson's r u l e  given as f o l l o w s ,  

A = - [ H z  -?- 4HZ + HZ3 1 1 2 

Where A i s  t h e  a r e a  under t h e  curve  between H 

wid th  of t h e  c i r c u l a r  segment. I -  Equation (21) i s  d iv ided  by t h e  i n n e r  

and HZ and H i s  t h e  
,1 3 

r a d i u s  of t h e  segment t o  o b t a i n  t h e  average  v a l u e  of H, as f o l l o w s ,  

where r is t h e  i n n e r  r a d i u s  of t h e  segment, Using t h e  d a t a  i n  Table  4 

and Equat ions (20) and (22) ,  HZa i s  c a l c u l a t e d  as fo l lows  f o r  our  

example 

i 

I - - ( 0 ' 5 4 5 6 )  . 0 + 4(111.10) -?- 109.97 
HZ a 3(1.0663) L 

= 94.80 ampereslmeter-coi l  ampere. Hza 

The average v a l u e  of H i s  now m u l t i p l i e d  by t h e  p e r m e a b i l i t y  and 

s u r f a c e  area t o  o b t a i n  t h e  magnetic f l u x  l i n k i n g  t h e  t h i r d  segment 

2 

g i v e n  as fo l lows ,  a 2  

4 = H,, uo r r i  ( 2 3 )  

= ( 9 4 . 8 0 ) ( 4 1 ~ ~  10- ' ) (1~)(1.0663 x 1 0  -2 ) 

(I = 4.25 'x w e b e r s / c o i l  ampere. 

20 
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, I  

I ”  

The v a l u e  of AT determined by Equation (8) is  1 / (4 ) (3300)  

seconds.  Therefore ,  us ing  Equation (13) t h e  v o l t a g e  induced i n  t h e  

t h i r d  segment is  

e = 5.615 x v o l t s / c o i l  ampere. 
3 

C. DETERMINATION OF CURRENT 

The c u r r e n t  i n  each segment of t h e  p l a t e  may be  found by 

d i v i d i n g  t h e  induced v o l t a g e  by t h e  r e s i s t a n c e  of t h e  segment. S ince  

t h e  magnetic f i e l d  i n t e n s i t y  w a s  determined on a p e r  ampere b a s i s ,  t h e  

c u r r e n t  i n  each segment i s  a l s o  a f u n c t i o n  of t h e  c o i l  c u r r e n t . 1 3  

I n  t h e  example t h e  va lues  of r e s i s t a n c e  and v o l t a g e  have 

a l r e a d y  been determined. Therefore ,  t h e  c u r r e n t  i n  t h e  t h i r d  segment 

i s  g iven  as, 

e3 I3 = - 
R3 

I3 = 1.313 amperes / co i l  ampere. 

D. DETERMINATION OF FORCE 

S ince  t h e  magnetic f i e l d  i n t e n s i t y  i s  pe rpend icu la r  t o  t h e  

c u r r e n t  c a r r y i n g  segments shown i n  F igu re  3 ,  t h e  f o r c e  on each segment 

may be expressed  as 1 4  

(24) F = B L I  . 
R 

I n  our  s tudy  BR i s  t h e  r e s u l t a n t  magnetic f l u x  d e n s i t y  p e r  c o i l  ampere 

2 1  



at the point of average current in the segment, L is the average length 

of segment in meters, and I is the current in the segment per ampere of 

coil current. From Equation (24) the force on each segment will be 

determined in pounds per coil ampere squared in the direction of some 

angle 0 The angle BF is determined from the following, F' 

= - [OR + g o 0 ]  , (25) 

where eR is the resultant angle of the magnetic field intensity. 

Equation (25) gives the direction of the force in the direction of 

L x xR which is Perpendicular to the plane made by 
perpendicular direction is determined by the direction of advance of a 

right-handed screw as L is turned into XR.l5 Figure 5 indicates the 

direction of the force with the segment current going into the plane of 

- 
and B. This 

- 

the paper. The clock-wise direction from the reference line in Figure 5 

will be assumed to yield a negative angle. 

assuming the coil's face was up instead of down, the negative value of 

0~ must be used as given in Equation (251, 

Since 0~ was determined 

In our example the value of BR is determined from the graphs in 

Appendix B. 

three consecutive values of y including the inner and outer radius of 

The values of HR and €IR for Z equal 0.2959 centimeters for 

the third segment are given in Table 4 .  By assuming a parabolic curve, 

the value of HR at the center of segment three may be determined from 

the following equation: 
2 

HR = Bo B1Y * B2Y Y 

where BO. Bl, and B2 are calculated constants. 

solved from three independent equations in the form of Equation (26) 

using the values of HR and y given in Table 4. 

These constants are 

The same method is 
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i 

used t o  determine t h e  v a l u e  of 8 R  a t  t h e  c e n t e r  of t h e  segment. Using 

t h e  d i g i t a l  computer, as w i l l  b e  d iscussed  l a t e r  f o r  s o l v i n g  t h e  com- 

p l e t e  process ,  t h e  v a l u e s  o f  HR and 8R were c a l c u l a t e d  as 124.50 amperes/ 

meter -co i l  ampere and 51.98 degrees ,  r e s p e c t i v e l y .  

The f o r c e  on t h e  t h i r d  segment may now b e  determined as fo l lows ,  

F3 = BRLI /e, 

= ( 4 ~  x loe7) (124.50) ( 2 ~ )  (1.3391 x (1.312) /-51.98" - 90" 

(27) = 0.1731 x l o q 4  /-141.98" newtons /co i l  ampere 2 k  . 
The p r e s s u r e  on each segment may b e  d e t e m i n e d  from t h e  fo l lowing  

formula , 
p = -  F 

2nrH ' 

where P i s  t h e  p r e s s u r e  i n  newtons p e r  square  meter -co i l  ampere, r i s  

t h e  average r a d i u s  of  t h e  segment i n  meters, and H i s  t h e  wid th  of t h e  

segment i n  meters. Therefore ,  f o r  segment t h r e e  i n  our  example t h e  

p r e s s u r e  is  c a l c u l a t e d  as fo l lows ,  

- F3 
p3 - 2mH 

I-141.98' - 0.1731 x lo-' 
p3 - (2n) (1.3391 x (0.5456 x 

P = 3.76 x lo-' newtons/meter2-coil  ampere2. 
3 

* Convert newtons t o  pounds by m u l t i p l y i n g  by 0.225 pounds/newtons. 
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CHAPTER IV 

ANALYSIS OF RESULTS 

Throughout Chapter I11 an example w a s  used t o  i l l u s t r a t e  each s t e p  

i n  t h e  c a l c u l a t i o n  of t h e  s t a t i c  f o r c e s .  This  w a s  done f o r  o n l y  one 

segment of a material w i t h  a c e r t a i n  r e s i s t i v i t y  and t h i c k n e s s .  There- 

f o r e ,  because of t h e  long l a b o r i o u s  p r o c e s s  of c a l c u l a t i n g  t h e s e  f o r c e s  

f o r  several materials w i t h  14 assumed segments, use  must be  made of t h e  

d i g i t a l  computer. 

t h e  f o r c e  and p r e s s u r e  i n  t h e  c e n t e r  of  each segment of t h e  p l a t e  shown 

i n  F igure  3 .  

r e s i s t i v i t y  of  t h e  m a t e r i a l ,  p e n e t r a t i o n  depth ,  Z from Equat ion (14 ) ,  

and t h e  v a l u e s  of HR and OR from t h e  graphs  i n  Appendix B. 

Table 3 are e i g h t  d i f f e r e n t  combinations of r e s i s t i v i t y  and t h i c k n e s s  

f o r  which t h e  f o r c e s  and pressures a re  c a l c u l a t e d .  Using t h e  IBM 360 

computer t h e  r e s u l t s  a r e  given i n  Tables  5 through 12.  From t h e s e  

r e s u l t s  i t  is  determined t h a t  t h e  maximum f o r c e  occured a t  p o i n t s  4.6127 

c e n t i m e t e r s  r a d i a l l y  o u t  from t h e  center l i n e  of  t h e  hammer c o i l .  A l s o ,  

t h e  v a l u e s  of f o r c e  varied i n v e r s e l y  t o  t h e  v a l u e s  of r e s i s t i v i t y .  This  

w a s  t r u e  f o r  bo th  t h e  m a t e r i a l s  w i t h  a t h i c k n e s s  g r e a t e r  t h a n  t h e  

p e n e t r a t i o n  depth  and less than t h e  p e n e t r a t i o n  depth.  

Given i n  Appendix C i s  a program designed t o  determine 

The informat ion  r e q u i r e d  t o  run  t h i s  program is  t h e  

Given in 

Because of t h e  complexity of o b t a i n i n g  exac t  exper imenta l  r e s u l t s  

due t o  a l a r g e  number of v a r i a b l e s ,  i t  w a s  thought  b e s t  t o  v e r i f y  t h e  

t h e o r e t i c a l  method of t h i s  s tudy by comparing t h r e e  main r e s u l t s .  F i r s t ,  

t h e  n a t u r a l  f requency of t h e  induced v o l t a g e  i n  t h e  c i r c u l a r  segments i s  

approximately 3,300 Hz. Second, t h e  exper imenta l  v a l u e s  of t h e  induced 
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v o l t a g e  i n  t h e  segments have the  same waveshape as t h e  t h e o r e t i c a l  re- 

s u l t s .  Th i rd ,  t h e  f o r c e s  are independent of t h e  th i ckness  of t h e  

material i f  t h e  th i ckness  i s  greater than  t h e  p e n e t r a t i o n  depth of t h e  

c u r r e n t .  Three sets of f o u r  c i r c u l a r  segments were used i n  t h e  exper i -  

mental  a n a l y s i s .  The sets  had th i cknesses  of 0.1524, 0.9525, and 1.2700 

cen t ime te r s .  The f o u r  segments have an average r a d i u s  of 1.2152, 2.0335, 

2.5792, and 3.3975 cen t ime te r s  and each a width  of 0.5456 cen t ime te r s .  

I n  each segment a s l i t  of approximately 0.20 cen t ime te r s  was made, and 

on each s i d e  of t h e  s l i t  a l ead  from a c o a x i a l  c a b l e  w a s  a t t ached .  

To determine t h e  n a t u r a l  frequency of t h e  v o l t a g e  induced i n  a seg- 

ment, t h e  High Energy Capaci tor  Discharge Unit  w a s  charged t o  2 k i l o v o l t s  

and d ischarged  i n t o  t h e  hammer c o i l .  This  h igh  i n t e n s i t y  magnetic f i e l d  

induced a v o l t a g e  i n  t h e  segment which w a s  observed on a 561A Tekt ronix  

Osc i l loscope .  A p i c t u r e  of t h i s  waveshape i s  shown i n  F igure  6 from 

which t h e  frequency i s  approximately 3300 Hz. The damped s i n u s o i d a l  

waveform is  similar t o  t h e  waveform of t h e  hammer c o i l  shown i n  F igure  4. 

The above procedure of inducing a v o l t a g e  i n t o  a c i r c u l a r  segment 

w a s  r epea ted  f o r  each segment of t h e  t h r e e  sets of segments. The maximum 

induced v o l t a g e  occured a t  one-fourth t h e  pe r iod  and w a s  observed f o r  

each segment. These experimental  r e s u l t s  are p l o t t e d  i n  F igure  7 .  

Given i n  F igure  8 i s  a p l o t  of t h e  t h e o r e t i c a l  v a l u e s  of t h e  induced 

v o l t a g e  p e r  c o i l  ampere as a func t ion  of t h e  r a d i a l  d i s t a n c e  y.  These 

p a r t i c u l a r  va lues  are f o r  a material wi th  a r e s i s t i v i t y  of 5.2 x lo-* 

ohm-meters. From F igure  7 i t  can b e  seen  t h a t  t h e  exper imenta l  va lues  

of t h e  induced v o l t a g e  i n  t h e  materials w i t h  th i cknesses  of 0.9525 and 

1.2700 cen t ime te r s  are approximately equal .  The re fo re ,  s i n c e  t h e  f o r c e  
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. 

i s  d i r e c t l y  p r o p o r t i o n a l  t o  the induced v o l t a g e ,  i t  i s  determined t h a t  

t h e  f o r c e s  are independent of  t h e  th i ckness  of t h e  material  i f  t h e  

t h i c k n e s s  is  g r e a t e r  t han  t h e  p e n e t r a t i o n  depth  of t h e  c u r r e n t .  A l s o  

t h e  p l o t s  of F igures  7 and 8 agree i n  t h a t  t h e  v o l t a g e  induced i n  t h e  

material of 0.1524 t h i c k n e s s  is  g r e a t e r  t han  v o l t a g e  induced i n  t h e  

materials wi th  a t h i c k n e s s  g r e a t e r  t han  t h e  p e n e t r a t i o n  depth.  

p a r i n g  t h e  g e n e r a l  shape of each curve i n  F igu res  7 and 8, t h e  d e f i n i t e  

s i m i l a r i t y  i s  e a s i l y  seen.  

Com- 

Experimental  e r r o r  can be a t t r i b u t e d  t o  s e v e r a l  causes .  The 

c e n t e r  l i n e  of t h e  c i r c u l a r  segments and t h e  c e n t e r  l i n e  of t h e  c o i l  

were n o t  matched e x a c t l y .  

a g a i n s t  t h e  hammer c o i l  due t o  t h e  c o a x i a l  cab le .  Voltage w a s  induced 

i n  t h e  connec t ions  of t h e  cable ,  

d u p l i c a t e d  t o  t h e  exac t  t h e o r e t i c a l  va lues .  

The segment could no t  be p laced  f l u s h  

The c i r c u l a r  segments could n o t  be  
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Table 5. The Theoretical Values of Force, Pressure, and 
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J' on Sheets of Materials with a Resistivity of 5.9 
PIicrohn-Centiseters and Thicknesses of 0.9525, 
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Table 6, The Theoretical Values of Force, Pressure, and 
Resultant Angle as a Function of the Radial Distance 
y on Sheets of Materials with a Resistivity of 5.b 
Microhm-Centimeters and Thicknesses of 0.9525, 
1.2700, and 1.9050 Centimeters. 
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Table 7. The Theoretical Values of Force, Pressure, and 

Resultant Angle as a Function of the Radial Distance 
y on Sheets of Materials with a Resistivity of 5.2 
Microhm-Centimeters and Thicknesses of 0.9525, 
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Table 8. The Theoretical Values of Force, Pressure, and 
Resultant Angle as a Function of the Radial Distance 
y on Sheets of Materials with a Resistivity of h.0 
Microhm-Centimeters and Thicknesses of 0.9525, 
1.2700, and 1.9050 Centimeters. 
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Table 9. The Theoretical Values of Force, Pressure, and 
Resultant Angle as a Function of the Radial Distance 
y on Sheets of Haterials with 8 Resistivity of 5.9 
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Centimeters. 
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Table 10, The Theoretical Values of Force, Pressure, and 
Resultant Angle as a Function of the Radial Distance 
y on Sheets of Materials with a Resistivity of 5.4 
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Centimeters. 
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Table 11. The Theoretical Values of Force, Pressure, and 
Resultant Angle as a Function of the Radial Distance 
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Table 12, The Theoretical Values of Farce, Pressure, and 
Resultant Angle as a Function of the Radial Distance 
y on Sheets of Materials with a Resistivity of 4.0 
Microhm-Centimeters and a Thickness of 0,1524 
Centimeters. 



Figure 6. The Waveform of an Induced Voltage in an 
Actual Circular Segment as a Function of 
Time. 
seconds/Cent imeter. ) 

(20 Volts/Centimeter and $0 Micro- 
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CHAPTER V 

CONCLUSION 

The purpose of t h i s  s tudy w a s  t o  determine t h e  maximum s t a t i c  

f o r c e s  on s h e e t s  of meta l l ic  materials due t o  magnetomotive forming. 

The materials s t u d i e d  were a combination of f o u r  d i f f e r e n t  t h i cknesses  

and of s i x  d i f f e r e n t  aluminum a l l o y s .  

These f o r c e s  were c a l c u l a t e d  by assuming t h e  material  t o  be  made 

up of c o n c e n t r i c  c i r c u l a r  segments having t h e  same c e n t e r  l i n e  as t h e  

hammer c o i l .  

Faraday 's  l a w .  

maximum f o r c e  on each segment was c a l c u l a t e d .  With t h e  hammer c o i l  

having a diameter  of 10.3175 cent imeters  t h e  maximum f o r c e  w a s  found 

t o  occur  a t  p o i n t s  4.6127 cent imeters  r a d i a l l y  ou t  from t h e  c e n t e r  l i n e  

of t h e  c o i l .  

v a l u e s  of r e s i s t i v i t y .  

of  t h e  th i ckness  of t h e  m a t e r i a l  i f  t h e  t h i c k n e s s  i s  g r e a t e r  t han  t h e  

p e n e t r a t i o n  depth of t h e  c u r r e n t .  

The induced vo l t age  w a s  determined i n  each segment us ing  

Then from a form of Loren tz ' s  f o r c e  equat ion  t h e  

The va lues  of fo rce  were found t o  vary  i n v e r s e l y  t o  t h e  

The f o r c e s  were a l s o  found t o  be  independent 

The t h e o r e t i c a l  r e s u l t s  of t h i s  s tudy  were v e r i f i e d  by a c t u a l l y  

measuring t h e  induced v o l t a g e  i n  c i r c u l a r  segments of d i f f e r e n t  t h i ck -  

nes ses .  A l so ,  t h e  assumed n a t u r a l  f requency w a s  found t o  b e  c o r r e c t  

by observ ing  t h e  waveshape of  the induced v o l t a g e  on an o s c i l l o s c o p e .  

The next  s t e p  i n  t h e  s tudy of t h e  hammer c o i l  should be  t o  

determine what happens as t h e  p l a t e  becomes decoupled from t h e  c o i l .  

The term decoupled, as used here ,  is  synonymous wi th  t h e  p l a t e  being 

deformed by moving away from the s u r f a c e  of t h e  c o i l .  I n  such a s t u d y ,  
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t h e  mechanical p r o p e r t i e s  of t h e  material  would have t o  be  cons idered  

as w e l l  as i t s  e lectr ical  c h a r a c t e r i s t i c s .  The motion of t h e  material 

i n  a magnetic f i e l d  would produce induced v o l t a g e s  due t o  motion 

which were no t  cons idered  i n  t h i s  s tudy .  

due t o  motion would depend both on t h e  s t r e n g t h  of t h e  magnetic f i e l d  

and on t h e  speed of movement o f  t h e  material. 

The magnitude of t h e  v o l t a g e  

The measured v o l t a g e  induced i n  t h e  c i r c u l a r  segments i n d i c a t e d  

t h a t  a peak c u r r e n t  of approximately 20,000 amperes was f lowing i n  t h e  

hammer c o i l .  

and Figure  9. 

menta l ly .  

This  c a l c u l a t i o n  w a s  made by a comparison of F igure  8 

No method w a s  devised t o  v e r i f y  t h e s e  r e s u l t s  exper i -  
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APPENDIX A 

C 
C XEAR FIELD 

" I E R  COIL VECTOR PIAGETIC POTENTIAL DETERMIIATICN 

DPIEWSION SSS( 11) W( 11) 
DIHEHSIOIO VMP( 22,28) 
READ 50, IS 

50 FORMAT( 12) 
DO 11 I = 1,11 
P = 1-1 

DO 55 I = E , 2 8  
V - B  
FB=N/2 
Mrn=rn*2. 
IF(IIJFN-I) 12913999 

GO TO 14 
13 ZPP = .025 
I4 Y 000976+,1074*(V-10) 

DO 55 HM 5 1,11 
M = l r l M  
W = M  

IF(WIV-B) 1S916,99 

GO TO 17 

f l  SSS(1) E SIW( 3.1h159/2.-~3.1b159/2OO) 

1 2  0075 

2 = ZPP+.1001c(m-1.) 

15 M = 23r-R 

16 M (2M)-1 
17 A .4792 

PRINT 10, Y, 2 
10 FORPUT( 2F10.4) 

Z P - z  
VkIIPp = 0. 
CWHT = 0. 
DO 22 J = 1,h5 
4 - 3  
IF( C m T . 3  e ) 493, 99 

3CUUNT-1, 
A A+.0594 
w m 9  

h CCPTlJT - C(XTBT+1. 
A = A+.0240 

9 DO 33 K = 1,10 
U = K  

R - (Y*Y+Z*Z)wt.5 
THETA = 1.570796=ATAZQF(Z/Y) 
R2A2 = R*R + A*A 
TWORA = 2 .*R*A*SIIsF( THETA) 
DO 44 L = 1,11 

2 = ZP+.O5~(U-l . )  

44 W(L) = SSS(L)/( (R~A~-'TWORA*SSS(L))+W.~) 
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ucoHF1 = 0. 
u c m 2  = 0. 
WCOMPI = ~ ( 2 )  + W(h) + W(6) + W(8) + W(1O) 
UcOMpl = 4**wcm1 
ucoHp2 = u(3) + W(S) 4 w(7) + W(9) 
w c m 2  = 2,*ucm2 
VMPI = ( W (  1) + W( 11) + UCO?IP1 + WCOHP2)*A 
vlvlpp = W P  + m1 

33 COrjnaUE 
22 COETINUE 

W ( M , N )  = VHpW( 1./1800.) 
PRINT 20, WMP(H,H) 

20 FORMAT(E18.6) 
55 COHTIWE 

PRINT 40 
40 FORMAT( SX, lHY,W, lHZ,l2X,Z"Y,12X,2RHZ, 10X,S"RSLT,6X,5fITHETA) 

Iss=Is+1 
Do 77 J = Iss,27 
E = J  
xFE3 = J/2 
BFX - m * 2 .  
I F ( m - J )  23,24999 

23 ZPP = .125 
Go To 25 

24 ZPPP = .075 
25 Y = ,2050 4 .1074*(E-2.) 

DO 77 Ira * 1 , l O  
K = X K  
F = K  

IF(BFX-J) 26927 9 99 

GO TO 28 

2 = m + .10oK(F-l.) 

26 K = (%K) + 1 

2 ? K = & K  
28 HY - (vI4p(K-1,J)-VHP(K + 1,3))+393.7 

HZ (vlrlp(K, J + 1)-vIJp( K, J-1))+183~ 
HRSLT = (?W*HY + HZ*HZ)*.5 
THETA - ATAIoF(HZ/hY) 
THETA = IyIETA*( 180./3 . 14159) 
PFUNT 30, Y, 2, HY, HZ, HRSLT, 'ITETA 

30 F m T (  2F10.4,3E1408,F10.~//) 
77 COnTllbTUE 
99 STCQ 

Em 
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APPENDIX B 

.- 

Figure B-1. A Plot  of the Magnetic Field Intensity and the 
Resultant Angle as  a Function of the Distance 
Normal to the Surface of the Hammer Coil for a 
Constant Radial Value, y, of 0.5207 Centheters. 
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Figure 8-2. A Plot of the Magnetic Field Intensity and the 
Resultant Angle as a Function of the Distance 
Normal to the Surface of the Hammer Coil for a 
Constant Radial Value, y, of 1.0663 Centimeters. 
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Figure B-3. A Plot of the Magnetic Field Intensity and the 
Resultant Angle as a Function of the Distance 
Normal to the Surface of the Hammer Coil for a 
Constant Radial Value, y, of 1.6119 Centimeters. 
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Figure Eh. A Plot of the Magnetic Field Intensity and the 
Resultant Angle as a Function of the Distance 
Noma2 to the Surface of the Hammer Coil for a 
Constant Radial Value, y, of 2.2575 Centimeters. 
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Figure B-5. A Plot of the Magnetic Field Intensity and the 
Resultant Angle as a Function of the Distance 
Normal t o  the Surface of the Hammer Coil for a 
Constant Radial Value, y, of 2.7031 Centimeters. 
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Figure 8-6. A Plot of the Magnetic Field Intensity and the 
Resultant Angle as a Function of the Distance 
normal to the Surface of the Hammer Coil for a 
Constant Radial Value, y, of 3.2h87 Centimeters. 
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Figure B-7. A Plot of the Magnetic Field Intensity and the 
Resultant Angle as a Function of the Distance 
Normal to the Surface of the Hammer Coil for a 
Constant Radial Value, y, of 3.7943 Centimeters. 
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Figure B-8. A Plot of the Magnetic Field Intensity and the 
Resultant Angle as a Function of the Distance 

,Mama1 to the Surface of the Hammer Coil for a 
Constant Radial Value, y, of h.3398 Centimeters. 



50 

I -  

. 

Figure B-9. A Plot of the Magnetic Field Intensfty and the 
Resultant Angle as a Function of the Distance 
Normal to the Surface of the Hammer Coil f o r  a 
Constant Radial Value, y, of lr.8854 Centimeters. 
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Figure B-20. A Plot of the Magnetic Field Intensity and the 
Resultant Angle as a Function of the Distance 
Normal to the Surface of the Hmmuer Coil for a 
Constant Radial Value, y, of S0h310 C e n H m e t ~ .  
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Figure B-11. A Plot of the Ragnetic Field Intensity and the 
Resultant Angle as a Function of the Distance 
Normal to the Surface of the Hammer Coil for a 
Constant Radial Value, y, of 5.9766 Centimeters, 
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Figure B-12. A Plot of the Magnetic Field Intensity and the 
Resultant Angle as a Function of the Distance 
Normal t o  the Surface of the Hammer Coil for a 
Constant Radial Value, y, of 6.5222 Centimeters. 
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Figure B-13. A Plot of the Magnetic Field Intensity and the 
Resultant Angle as a Function of the Distance 
Normal to the Surface of the Hammer Coil for a 
Constant Radial Value, y, of 7.0678 Centimeters. 
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Figure B-14. A Plot of the Magnetic Ffe ld  Intensity and the 
Resultant Angle as a Function of the Distance 
Mama1 to the Surface of the Hammer Coil for a 
Constant Radial Value, y, of 7.613L Centimeters. 
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APPENDIX C 

I *  C C HAMMER COIL - FORCE AND PRESSURE PER AMPERE SQUARED 
DOUBLE PRECISION 2 , Y 2, BO, A 1,  R 2, C 2 ,HR 2 ,Y 1 2, BOO ,H72 ,HR 1 2, HZ 1 2, BZA 1 , 

1FLUX2 ,PRESS 2, A, Y 3, T1 ,A 2 , E 1, RHO, TH2 ,Y 22, T12 ,HZ3, HR 22, HZ 22 , B7A 2, 
2PHI1 ,PHI 2,FORCEl ,H, B2,T2,AT9E2,HRI,HR3,B22, T22, SA 1,7"12,HZA1 , D I A 1 ,  
1DELTA,FORCE2,Y1,B1,T3,R1,C1,TH1,1H3,B11,HZ1,SA2,TH22,HZA2,DIA2, 
lFLUX1 ,PRESS 1 

1 READ( 1,11) RHO, DELTA, 2 
11 FORMAT (2Df004, F1O.O ) 

A = 0,  

WRITE ( 3,351 
H 05456 

RHO , DELTA , 2 
35 FORMAT ( lH1, hX, 3HRH0, 12Xj %DELTA, l Z ,  lHZ //2E15.h, F15.6// 1U, lHY, 1OXY17HFORCE(NEW/~*2) ,~X,~HPRESSURE, 12x, 
23"I/A 

2 
10 

22 

21 
32 

B2 Le (HR3 - 2.*HR2 + HR1)/ (2. * Hw2 ) 
BO = HR1 - (B2 * Y1*Y1 + B1 
Yf2 0 (Y2 - H/2,) 
Bf = (-B2 *(2.*Yl*H + H*H) + m 2  - HR~)/H 

HR12 = BO + B1*Y12 + B2 * Y12-2 
Y22 = ( Y2 + H/2,) 
HR22 e BO + Bl* Y22 + B2* Y22-2 

y1 ) 

B22 = (W3 - 2.*"lH2 + m1)/( 2.9 H-2) 
Bf1 = (-B22*( 2.*Yl* H + H*H) 4 TH2 -~I)/H 
BOO = TH1 - (B22 * Yl*Y1 + Bll* y1 ) 
TK12 = BOO 4 Bll*Y12 + B22* Y12 ~2 
TH22 = BOO + B11*Y22 + B22* Y22 -2 
Tf = (TK1  * 301h159)/180. 
7'12 = (?TI12 * 301h159)/1R0. 
"2 = (m2 * 3.14159)/180. 
T22= (TH22 * 3.14159) 180. 
"3 (m3 * 3.14159)/180. 
HZ1 = HR1 * SIN ( Ti ) 
HZ12 = HR12* SIN ( T12) 
HZ2 = HR2 * SIN ( T2 ) 
HZ22 = HR2% SIN ( T22) 
HZ3 = HR3 * SIN ( T3 ) 
Af = H/6.* (HZ1 + ,$.*HZ12 + HZ2) 
A2 = H/6,* (HZ2 + 4,*H222 + HZ3) 
IF(Y1) 2fj21,22 
HZAl = A/Y1 
GO TO 32 
HZAl - 0 ,  
A = A + A l  
HZA2 = A h 2  
A = A + A 2  

= HZA1 * be* 3,14159E-7 
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. 

BZA2 HZA2 * 4** 3e14159E-7 
SA1 = 3.14159 *Yl*Y1 
SA2 = 3.14159 *Yay2 
FLUX1 = SAf* BZAl 
FLUX2 - SA2* BZA2 
AT - 
D I A l  
DIA2 
R 1  = 
R2 - 
E l  = 
E2 = 
c1 = 
c2  = 

DELTA * e 5 4 5 6  
= '912 * 2,* 3.1h159 - Y22 * 2,* 3.14159 
(RHO sc D I A ~ ) / A T  
(RHO * DIA2)/AT 
FLUX1 * he* 3300. 
FLm2 * 4** 3300. 
E1/R1 
E2/R2 

FORCE1 = LO* 3014159E-7 * HR12 * D I A l  * C1 
FORCE2 0 b o *  3014159E-7 * HR22 * DIA2 * C2 
PRESS1 = FoRCE1/(DIAl * H) 
PRESS2 = FORCE2/(DIA2 * H) 

-(m12 + 900) 
PHI2 -(1H22 4 900) 
WRITE (3,20) Y12, FORCE1, PRESS1, PHI1 
WRITE (3,20) Y22, FORCE:!, PRESS2,PHI2 

IF (Y3 - 7.0678 ) 2,191 

m 

20 FORlrfAT ( F1S05, 2E20.5, F15.4) 

99 STOP 
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